Traditionally, a reduction in floating behavior or immobility in the Porsolt forced swim test is employed as a predictor of antidepressant efficacy. However, over the past several years, our studies of alcohol withdrawal-induced negative affect consistently indicate the coincidence of increased anxiety-related behaviors on various behavioral tests with reduced immobility in the forced swim test. Further, this behavioral profile correlates with increased mGlu5 protein expression within limbic brain regions. As the role for mGlu5 in anxiety is well established, we hypothesized that the reduced immobility exhibited by alcohol-withdrawn mice when tested in the forced swim test might reflect anxiety, possibly a hyper-reactivity to the acute swim stressor. Herein, we evaluated whether or not the decreased forced swim test immobility during alcohol withdrawal responds to systemic treatment with a behaviorally effective dose of the prototypical anxiolytic, buspirone (5 mg/kg). We also determined the functional relevance of the withdrawal-induced increase in mGlu5 expression for forced swim test behavior by comparing the effects of buspirone to a behaviorally effective dose of the mGlu5 negative allosteric modulator MTEP (3 mg/kg). Adult male C57BL/6J mice were subjected to a 14-day, multi-bottle, binge-drinking protocol that elicits hyperanxiety and increases glutamate-related protein expression during early withdrawal. Control animals received only water. At 24-h withdrawal, animals from each drinking condition were subdivided into groups and treated with an intraperitoneal injection of buspirone, MTEP, or vehicle, 30 min prior to the forced swim test. Drug effects on general locomotor activity were also assessed. As we reported previously, alcohol-withdrawn animals exhibited significantly reduced immobility in the forced swim test compared to water controls. Both buspirone and MTEP significantly increased immobility in alcoholwithdrawn animals, with a modest increase also seen in water controls. No significant group differences were observed for locomotor activity, indicating that neither anxiolytic was sedating. These results provide predictive validity for increased swimming/reduced immobility in the forced swim test as a model of anxiety and provide novel evidence in favor of mGlu5 inhibition as an effective therapeutic strategy for treating hyper-anxiety during alcohol withdrawal.
Introduction
The Porsolt forced swim test (FST) was first described by Dr. Roger Porsolt in the late 1970s and has been used traditionally as a behavioral screen with high predictive validity for the clinical efficacy of anti-depressant drugs. 1 Compounds with anti-depressant properties have been shown to reduce immobile floating behavior and increase active swimming in the FST. 2 Researchers have also used the FST as a behavioral model for depression in which increased immobility is associated with a depressive state. 2, 3 Immobile floating behavior is thought to reflect the hopelessness or helplessness associated with depression (i.e., behavioral despair). 4 Our laboratory has previously employed the FST in a series of studies designed to assay the affective consequences of excessive alcohol consumption. 5, 6 Chronic excessive alcohol consumption is known to elicit a dysphoric state during withdrawal, 7 as reported both in humans [8] [9] [10] and a variety of animal models. [11] [12] [13] [14] Our studies demonstrated that even a two-week binge-drinking history is sufficient to increase anxiety-related behaviors in adult animals during early (24 h) withdrawal across various behavioral assays, including the light-dark box and defensive marble burying test. 5, 6 However, we have also reported that the increase in anxiety-related behaviors consistently coincides with reduced immobility in the FST. These results were unexpected, as according to traditional interpretations, this decrease in floating behavior would suggest an anti-depressant effect of alcohol withdrawal, which is counter-intuitive based on the characterization of alcohol withdrawal described in the extant clinical and basic science literature highlighted above. Based on this collection of observations, we speculated that the reduced immobility exhibited by alcoholwithdrawn mice in the FST 5, 6 might reflect psychomotor hyper-reactivity to an acute swim stressor, analogous to a panic-like fight or flight response. 15 Panic is a state characterized by intense fear and anxiety and is frequently accompanied by elevated heart rate, perspiration, shortness of breath, dizziness, and shaking. 16 In the clinical population, panic is frequently a symptom of generalized anxiety disorder but can also itself constitute a discrete anxiety disorder subtype. 17 Interestingly, there is also an association between alcohol use disorders and panic in the human population, 18 which, theoretically, might be expressed in animal models of excessive alcohol consumption. In laboratory animals, panic is commonly quantified with assessments of stimulus-provoked flight, freezing, and/or defensive attack, typically in response to an unconditioned predator stimulus. 19 It is plausible that the acute stress of the FST and the unconditioned fear of drowning presents a similar survival threat, leading to a manifestation of a prolonged fight or flight response in anxious animals. 20 Indeed, other reports comparing behavior in the elevated plus-maze and FST noted more active struggling behavior (defined as ''a presence of energetic escape-directed movements'') in the FST in animals characterized as ''high anxiety'' on the plus-maze, compared to ''low anxiety'' counterparts. 21 Through our investigation of the neurobiological correlates of alcohol withdrawal, we identified an increase in mGlu5 receptor protein expression within the nucleus accumbens shell as a potential mediator of withdrawalinduced hyper-anxiety. 6 In support of this notion, mGlu5 antagonists such as 2-methyl-6-(phenylethynyl)-pyridine (MPEP) and 1-(3-Chlorophenyl)-3-(3-methyl-5-oxo-4Himidazol-2-yl)urea (fenobam), and negative allosteric modulators such as 3-[(2-methyl-1,3-thiazol-4-yl)ethynyl] pyridine (MTEP) exert anxiolytic effects in various animals. [22] [23] [24] [25] Thus, we tested the effects of reducing mGlu5 signaling upon behavior in the FST during early alcohol withdrawal compared to the prototypical anxiolytic buspirone, 26 a 5-HT 1a partial agonist with efficacy in alleviating symptoms of alcohol withdrawal-induced anxiety. 27 
Materials and methods
Experimental procedures were similar to those described in our previous studies of alcohol withdrawal-induced anxiety 5, 6 and are briefly summarized below.
Subjects
This study used 60 adult male C57BL/6J mice (Jackson Laboratories, Sacramento, CA) that were eight weeks of age at the onset of drinking. Animals were housed in groups of four in standard Plexiglas cages, in a temperature-controlled vivarium (23 C), under a 12-h reverse light/dark cycle (lights off at 10 a.m.). Animals were identified using small animal ear tags (Stoelting, Wood Dale, IL). Food and water were available ad libitum, with the exception of the 2-h alcohol-drinking period. The study had a 2 (alcohol or water) Â 3 (vehicle, buspirone, or MTEP) factorial design, with n ¼ 10/group. All experiments were conducted in compliance with the National Institutes of Health Guide for Care and Use of Laboratory Animals (NIH Publication No. 80-23, revised 2014) and approved by the IACUC of the University of California, Santa Barbara.
Drinking-in-the-dark procedures
Half of the animals were subjected to 14 consecutive days of binge drinking under modified three-bottle drinkingin-the-dark procedures, while control animals were given a single bottle of water. Alcohol access was restricted to 14 days in this study to be consistent with our more recent studies of the ontogeny of binge drinking. 6 Each day prior to the drinking period, animals were separated into individual cages and allowed to acclimate for approximately 45 min. Beginning 3 h into the dark phase of the circadian cycle, corresponding to the peak time of daily fluid intake, 28 animals were given concurrent access to 10%, 20%, and 40% (v/v) unsweetened ethanol solutions for 2 h. Animals were returned to their original group housing at the conclusion of the 2-h drinking period. While our prior work employed four-bottle drinking procedures (offering mice access also to a sipper tube containing 5% ethanol), alcohol intake from this solution is negligible, compared to that of 10%, 20%, and 40% ethanol. 5, 6, 29 Thus, the 5% concentration was not included in the present study. The amount of alcohol consumed each day was calculated by bottle weight immediately before and after the drinking period and expressed as a function of the animal's body weight (in kg).
Blood alcohol sampling. Submandibular blood samples were collected from all alcohol-drinking animals on day 10 of drinking, immediately following the 2-h drinking period. The scheduling of the blood sampling was selected to ensure that the animals' intakes had stabilized, while also allowing ample time for recovery prior to behavioral testing. Blood alcohol concentrations (BACs) were determined using an Analox alcohol analyzer (model AM1, Analox Instruments USA, Lunenburg, MA), according to the manufacturer's instructions.
Drugs
Treatments were administered systemically via intraperitoneal injection, 30 min prior to the onset of behavioral testing. Ten animals from each drinking group received a 5 mg/kg injection of buspirone hydrochloride (Sigma-Aldrich, Atlanta, GA) in sterile water. This buspirone dose was selected for study as it elicits anxiolytic effects in other drug-related behavioral paradigms. [30] [31] [32] An additional 10 animals from each drinking group received a 3 mg/kg injection of the mGlu5 antagonist MTEP in sterile water. This MTEP dose was selected for study based on evidence of anxiolytic efficacy in rodents. [33] [34] [35] The remaining animals served as vehicle controls and received injections of sterile water (Vol ¼ 0.01 ml/g).
Behavioral testing
Behavioral testing commenced approximately 24 h following the final alcohol presentation and thus occurred during the circadian dark phase.
Porsolt forced swim test. Each animal was placed into an 11-cm diameter cylindrical container filled with roomtemperature water deep enough that animals were unable to touch the bottom of the enclosure. The latency to first exhibit immobility (defined as no horizontal or vertical displacement of the animal's center of gravity for !5 s), total time spent immobile, and the numbers of immobile episodes were monitored throughout the entire 6-min trial duration using AnyMaze TM tracking software (Stoelting Co., Wood Dale, IL, USA), as conducted previously in literature. 6 Locomotor activity. Following the FST, animals were allowed to dry off and recover for 20 min before being assessed for generalized locomotor effects of the anxiolytic treatments. Animals were placed in a polycarbonate box measuring 24 cm long Â 23 cm wide Â 24 cm high, and the total distance traveled was monitored for during a 15-min trial using Any-maze TM tracking software (Stoelting Co., Wood Dale, IL). Locomotor testing occurred within 20-min post-FST and thus occurred at approximately 60 min following drug injection.
Statistical analysis
A one-way analysis of variance (ANOVA) was conducted first to ensure that there were no differences in alcohol intake between the three treatment groups. To determine the relationship between alcohol intake and resulting BACs, a Pearson's correlational analysis was conducted. Behavioral data were analyzed using between-subjects, two-way ANOVAs with Tukey's multiple comparison tests; a ¼ 0.05. All calculations and analyses were performed using SPSS v.21 statistical software (IBM, 2012).
Results

Alcohol consumption
Across the entire 14-day drinking period, animals had an average alcohol intake of 4.00 AE 0.05 g/kg, which has been demonstrated to results in BACs > 80 mg/dL. 28, 36 On day 10 of drinking, the animals averaged an intake lower than the 14-day average (3.37 AE 0.16 g/kg), and this intake resulted in an average BAC of 73.19 AE 3.84 mg/dl. Importantly, there was a significant positive correlation between intake and BAC (r ¼ 0.45, p ¼ 0.013; Figure 1 ). There were no significant differences in alcohol consumption across the three treatment groups, F(2, 27) ¼ 0.84, p ¼ 0.44.
FST behavior
Withdrawal-induced reduction in immobility. In the FST, we replicated our prior observations that early alcohol withdrawal reduces immobility in adult male mice. 5, 6 The ANOVA revealed a significant main alcohol effect for all three dependent behavioral measures. Overall, alcohol-drinking mice spent less time immobile, F(1, 54) ¼ 11.89, p ¼ 0.001; Figure 2 (a), exhibited fewer immobile episodes, F(1, 54) ¼ 21.33, p < 0.001; Figure 2 (b), and a longer latency to first immobility, F(1, 54) ¼ 6.57, p ¼ 0.013; Figure 2 (c), compared to water controls. More specifically, Tukey's post-hoc tests showed that vehicle-treated alcohol-drinking mice spent significantly less time immobile (p ¼ 0.026, Figure 2(a) ), had fewer immobile episodes (p ¼ 0.001, Figure 2(b) ) and a longer latency to first immobility (p ¼ 0.024, Figure 2 (c)) compared to vehicle-treated water control animals, thus confirming the presence of alcohol withdrawal-induced behavioral differences.
Anxiolytic effects on immobility. There was a significant effect of treatment on time spent immobile, F(2, 54) ¼ 17.57, p < 0.001; Figure 2 (a). Relative to vehicle treatment, both buspirone and MTEP significantly increased time spent immobile, and this effect was apparent in alcoholand water-drinking mice alike (buspirone: for alcohol, p ¼ 0.042; for water, p ¼ 0.044; MTEP: for water, p ¼ 0.001; for alcohol, p < 0.001). A direct comparison of the effects of buspirone versus MTEP upon the time immobile exhibited by alcohol-drinking mice indicated a significantly greater effect of MTEP (p ¼ 0.014), and the data for water controls also exhibited a similar trend toward significance (p ¼ 0.09).
There was also a significant effect of treatment on total immobile episodes, F(2, 54) . Buspirone and MTEP both increased immobile episodes in alcohol-drinking mice, relative to vehicle treatment (p ¼ 0.014 and p < 0.001, respectively), although their effects on this measure were not statistically significant in the water controls (p ¼ 0.11 and p ¼ 0.08, respectively). As observed for the time spent immobile, MTEP increased the number of immobile episodes in alcohol-drinking mice to a greater extent than buspirone (p ¼ 0.04), with no drug-related differences noted for water controls (p > 0.10).
There was a strong trend toward a main treatment effect on latency to immobility, F(2, 54) ¼ 2.88, p ¼ 0.06, and inspection of Figure 2 (c) suggested that this trend was driven exclusively by an effect of MTEP upon this measure. As the results above suggested that MTEP was a more effective anxiolytic in alcohol-drinking mice than buspirone, Tukey's post-hoc tests were employed and determined that MTEP did, in fact, exert a statistically significant effect upon the latency to immobility (p ¼ 0.008), while buspirone did not (p ¼ 0.54). Neither compound altered the latency to the first immobile episode in water controls (p's > 0.10).
General locomotor activity. There were no significant effects of alcohol or anxiolytic treatment on the total distance traveled, when assessed following the FST (one-way ANOVA p > 0.10; Figure 3 ).
Discussion
In this study, we replicated our previous findings 5, 6 showing decreased immobility in the FST during early withdrawal following a 14-day period of binge drinking, as indicated by a longer latency to first become immobile, as well as reduced time spent immobile and reduced number of immobile episodes. Although the average BAC obtained on day 10 of drinking (73.19 AE 3.84 mg/dL) was slightly under the 80 mg/dL specified in the official National Institute on Alcohol Abuse and Alcoholism 37 definition of binge drinking, 38 alcohol intake was lower on this day than the average alcohol intake observed across the entire two-week drinking period (day 10: 3.37 AE 0.16 vs. average: 4.00 AE 0.05 g/kg). Importantly, the BACs on day 10 of drinking were significantly correlated with alcohol intake on that day, and the average alcohol intake for the entire drinking period was above that reported to result in BACs above the 80 mg/dL National Institute on Alcohol Abuse and Alcoholism criterion for binge drinking. 5, 6, 28, 29 Thus, while the animals may not have achieved BACs > 80 mg/dL every day during the two-week drinking period, the alcohol intakes (and resultant BACs) were nonetheless sufficient to elicit signs of behavioral dysregulation during withdrawal, as manifested by reduced immobility/increased swimming in the FST. Although other common methods of high alcohol exposure (e.g., vapor inhalation, gavage, liquid diet, injection) may be capable of eliciting more robust withdrawal symptoms, the present data add to our prior evidence that voluntary excessive alcohol consumption is sufficient to elicit negative affective consequences in mice, while maintaining ethological validity.
In this study, treatment with the prototypical anxiolytic buspirone, as well as the non-conventional anxiolytic MTEP, reversed the effect of alcohol withdrawal upon swimming behavior and increased immobility. Moreover, consistent with the results of a prior report for buspirone, 39 both buspirone and MTEP reduced some signs of immobility also in alcohol-naı¨ve, water-drinking, controls. Our finding that buspirone and MTEP pretreatment did not impact the behavior of water controls on all measures obtained from the FST is in line with the results of other studies demonstrating minimal or absent effects of anxiolytic treatment on the behavior of non-anxious animals. [40] [41] [42] [43] Importantly, our FST results for buspirone, in particular, strongly support our initial hypothesis that the reduction in immobility/increased swimming behavior observed consistently by our laboratory in alcoholwithdrawn animals ( Figure 2 ) 5,6 reflects an anxiety-related response.
Neither buspirone nor MTEP altered locomotor activity, when assessed following the 6-min FST. This negative outcome argues against the drug-induced increase in immobility/reduction in swimming behavior observed in the FST being attributable to non-specific motor effects of the doses administered. The fact that the effects of both buspirone and MTEP on the specific dependent variables examined in the FST were either weaker or absent in water controls versus alcohol-withdrawn mice also argues that the drug doses administered were not hypnotic or motor-impairing. It is also unlikely that our results were confounded by an alcohol or treatmentrelated learning/memory deficit, as animals were tested Figure 3 . General locomotor activity. There were no significant differences between any of the groups in distance traveled in the activity monitor (p's > 0.05; n ¼ 10/treatment group).
in a single trial, and the tank diameter is such that it is readily apparent that there is no means of escape or platform to shelter upon. Therefore, we conclude that reduced immobility/increased swimming in the FST reflects the anxiogenic effects of alcohol withdrawal, possibly indicative of panic-like behavioral hyper-reactivity.
In support of our interpretation and consistent with the reduction in swimming produced by acute treatment with buspirone 39 and/or MTEP in both alcoholwithdrawn and alcohol-naı¨ve mice, the anxiolytic benzodiazepine diazepam is also reported to significantly increase the duration of immobility, while the anxiogenic drug beta-CCE conversely reduces immobility. 31 Furthermore, mGlu2 knock-out mice, reported to exhibit elevated anxiety-like behaviors on more conventional anxiety tests such as the open field test and elevated plus maze, 44 also exhibit decreased immobility in the FST compared to wild-type mice but do not differ from wild-type mice with respect to behavior in another test with predictive validity for anti-depressant efficacy-the tail suspension test. 45 A similar correlation between anxiety-like behavior and reduced immobility in the FST has also been reported in 5HT1 a knock-out mice. 38 Thus, both behavioral pharmacological and genetics evidence argue that reduced immobility/increased swimming in the FST can reflect increased anxiety in rodent models.
It is interesting to note that, at the doses tested herein, MTEP treatment was more effective than buspirone at increasing immobility in alcohol-withdrawn animals on all three dependent variables. Other studies have also shown MTEP to out-perform buspirone in anxiety tests such as fear-potentiated startle 46 and the anti-conflict test. 47 Together, the present findings, coupled with evidence from other laboratories, 48, 49 suggest that mGlu5 inhibitors may be more effective anxiolytics than conventional treatments such as buspirone, particularly for alleviating alcohol withdrawal-induced anxiety. Early withdrawal from a history of voluntary alcohol-drinking increases mGlu5 signaling throughout the extended amygdala 6,29,36,50-52 -a neurocircuit critically involved in regulating the anxiogenic/negative affective properties of drug withdrawal, 53, 54 and recent correlative evidence suggests a relationship between the manifestation of alcohol withdrawal-induced hyper-anxiety and mGlu5 expression, at least within the nucleus accumbens shell. 6 The present data for MTEP argue that the upregulation of mGlu5 signaling during early withdrawal from voluntary alcohol consumption may be causally related to withdrawal-induced anxiety, implicating increased mGlu5 signaling in the neurochemical imbalance driving the hyper-anxious state during alcohol withdrawal. However, while the mGlu5 negative allosteric modulator fenobam demonstrates anxiolytic efficacy comparable to benzodiazepines, with an improved side-effect profile with respect to its hypnotic and alcohol-promoting effects, 23, 47, 55 amnesic and psychotomimetic side effects currently limit its clinical utility. 56, 57 Thus, additional research into the anxiolytic potential of mGlu5 antagonists could provide a beneficial clinical tool for the treatment of anxiety disorders and substance abuse-related anxiety.
As a final point of discussion, it is important to clarify that the intention of this study was not to invalidate the FST as a predictive animal model for anti-depressant efficacy. Rather, we conducted this study to draw attention to alternative interpretations of the behavioral outcomes from this assay and to highlight the importance of testing animals in a variety of paradigms with predictive validity for both anxiolytic and anti-depressant action, as the results from one assay alone are often subject to interpretational debate (see e.g., literature [58] [59] [60] [61] [62] for debate over interpretation of behavior in the elevated plus-maze and other exploratory animal models). As such, results should be considered carefully, particularly within the context of the animals' history, and additional measures/assays should be included whenever possible to facilitate distinction between anxiety-versus depression-related behavioral phenotypes in the FST. For examples, other assays with predictive validity for anti-depressant efficacy (e.g., the sucrose preference test, 63 tail suspension test, 64 or intracranial self-stimulation 65 ), and tests with predictive validity for anxiolytic efficacy (e.g., elevated plus maze, 66 light-dark box, 67 defensive burying, 68 or conflict test 69 ) are well-validated options for consideration when trying to interpret behavioral changes within the FST.
In conclusion, this study provides evidence that reduced immobility in the FST may reflect anxiety, validated by a subsequent increase in immobility following anxiolytic treatment. Within this interpretational context, we also conclude that systemic mGlu5 blockade has robust anxiolytic properties in alcohol-withdrawn animals, providing cause-effect evidence implicating increased mGlu5 signaling in the etiology of withdrawal-induced anxiety. As withdrawal-induced anxiety acts as a negative reinforcer to promote continued drinking, further research into the formulation of mGlu5 inhibitors for alleviating withdrawalinduced anxiety could yield additional non-benzodiazepine anxiolytic options, with lower abuse liability, for patients with a history of alcohol abuse.
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